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We have investigated coupling constants in elementary electron-phonon scattering processes on a
graphite surface by the combined use of high-resolution electron-energy-loss spectroscopy (HREELS)
and very low-energy electron diffraction (VLEED). HREELS is used to measure the modulations
of electron transition probabilities from incoming electrons in vacuum to outgoing electrons in vac-
uum where the transition includes one-phonon scattering processes inside a solid. Determining the
electronic band structures of graphite with VLEED, we defined electronic states of the solid surface
that electrons entered before and after scattering off phonons. Thus, we observed that the measured
electron transition probabilities significantly depended on whether the electrons were in a bulk Bloch
state or an evanescent state before scattering off the phonons. This result clearly indicates that the
measured electron transition probabilities reflect the strength of the coupling constants in the solid.
PACS numbers: 74.25.Kc, 72.10.Di, 73.20.At, 74.70.Wz
The coupling constants of elementary scattering pro-
cesses in solids are the most fundamental parameters
in condensed matter physics. Electron-phonon coupling
constants determine, for instance, critical temperatures
in BCS superconductors [1–4] and a time scale for en-
ergy dissipation in the hot-carrier dynamics of metals
and semiconductors [5–7]. Nevertheless, it is quite dif-
ficult to detect the elementary scattering processes in
solids because they are many-body systems. To date, ex-
perimentally obtained electron-phonon coupling strength
have been integrated over wave vectors and the energies
of both electron and phonon systems [4], or either of
them [8, 9]. Therefore, the detailed microscopic features
of the elementary processes remain unknown. Here, we
present the first experiments directly addressing elemen-
tary electron-phonon scattering processes.
To address the elementary processes in such detail,
we employed HREELS. It is widely used for measuring
surface-phonon energies via electron scattering experi-
ments [10–12], and the scattering geometry for a one-
phonon-excitation process is shown in Fig. 1. The cou-
pling constants can be extracted from the intensities of
scattered electrons at a particular solid angle because the
scattering process involves an electron-phonon scattering
process inside the solid; the incident electrons that pene-
trate into the solid excite the electronic states of the solid
surface, as illustrated in the inset of Fig. 1 [13, 14]. By
the scattering of phonons at a rate determined by the
electron-phonon coupling constant, electrons are trans-
ferred to other electronic states before bouncing from the
surface to the vacuum [13, 15]. Therefore, the intensities
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of outgoing electrons should depend on the strength of
the electron-phonon coupling in the solid. The specific
electronic states excited in the solid are defined by wave
vectors parallel to the surface, KI‖ and K
S
‖ , as well as the
energies EI and ES of the incoming and outgoing elec-
trons in the vacuum, respectively. The conservation laws
hold for electrons traveling between the vacuum and the
solid; the energies and wave vectors of scattered phonons
(~ωP , Q‖P ) can be obtained from the conservation laws
of the scattering [10]:
~ωP = E
I
− ES , (1)
Q‖P = K
I
‖ −K
S
‖ . (2)
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FIG. 1: (color online) Schematic diagram of experiments. In
HREELS, an incident electron excites a phonon at the sur-
face, and the loss energies are measured by the analyzer. In
VLEED, a picoammeter is used for measuring the sample cur-
rent modulation as a function of EI andKI‖ . The inset framed
by a rectangle shows a conceptual diagram of the electron
scattering process in HREELS experiments. The parabolic
curve indicates a electric band, and the red and blue circles
indicate the electronic states that electrons excite in the solids
before and after scattering off phonons, respectively.
2If the electronic structures are known, the detailed fea-
tures of the electron-phonon coupling should be address-
able. VLEED can be used to measure the electronic en-
ergy bands in solids by measuring the sample current
modulation with an ammeter, as in Fig. 1 [17, 18].
Using HREELS, we investigated electron-phonon cou-
pling constants by measuring the electron transition
probabilities from incoming electrons in vacuum to out-
going electrons in vacuum; the transition processes in-
volved one-phonon scattering processes at a graphite sur-
face. The electronic structures of graphite were deter-
mined by VLEED. From these data sets, we examined
the dependence of the electron transition probabilities
on the electronic states of graphite. We observed a sig-
nificant dependence on the state of the electrons before
the phonon scattering occurred. This result clearly indi-
cates that the measured electron transition probabilities
reflect the strength of the coupling constants in the solid.
The electron transition probabilities via one-phonon
scattering processes in HREELS experiments were deter-
mined from the intensities of outgoing electrons using the
formula of Li et al. [13]. Let
[
dSP
(
KI ,KS
)
/dΩ
]
dΩ be
the fraction of incoming electrons that emerge into the
solid angle dΩ after scattering inelastically off the vibra-
tional mode of polarization P. According to Ref. [13],
dSP
(
KI ,KS
)
dΩ
∝
EI cos2 θS
cos θI
(nP + 1)
(
1
ωP
)
×
∣∣∣∣∣
∂f
∂RωPQ‖P
∣∣∣∣∣
2
, (3)
where nP = [exp (~ωP /kBT )− 1]
−1
is the Bose-Einstein
factor and
∣∣∂f/∂RωPQ‖P ∣∣ gives the electron-phonon scat-
tering amplitude in HREELS experiments, namely, the
scattering amplitude from the initial state of incoming
electrons in vacuum to the final state of outgoing elec-
trons in vacuum when a crystal potential is deformed by
lattice displacements RωPQ‖P because of a phonon mode
of a unit amplitude with phonon energy ωP and wave vec-
tor Q‖P . We can say that the square of
∣∣∂f/∂RωPQ‖P ∣∣
is the electron transition probability in the one-phonon-
excitation process of HREELS experiments. To investi-
gate the coupling constants in solids, we evaluated the
relative values of the electron transition probabilities ex-
tracted from Eq. (3).
The experiments were carried out in an ultrahigh vac-
uum chamber (base pressure: 1×10−8 Pa) equipped with
HREELS (Specs delta0.5). A single crystal of graphite
(grown on an SiC(0001) substrate) was employed as a
sample because the electronic and phonon structures of
single-crystal graphite have been well studied [12, 16, 18–
20]. A picoammeter (ADVANTEST: 8252) was used for
the VLEED measurements.
In the VLEED experiments, the sample current I
was measured while changing the incident electron en-
ergies EI for each angle (from 0 degrees to 75 degrees
in 1-degree steps) along the Γ-K direction in the two-
dimensional surface Brillouin zone, depicted in the inset
of Fig. 3(b). The sample current is modulated by the
electronic structures. The simplest example of the mod-
ulation is a band gap. Because there are no bulk states
available for incident electrons, the electrons are totally
reflected, causing the sample current to exhibit a valley.
In this way, modulation of the sample current I(EI) ex-
hibits the defining characteristic of electronic dispersion
E(k), and the critical points of E(k) can be traced from
the derivatives of I(EI) [17, 18]. In Fig. 2(a), the VLEED
spectra show a clear modulation of dI/dEI . Electronic
states exist between the local maxima and minima indi-
cated by black and white triangles.
Figure 2(b) shows an unoccupied band map of graphite
deduced from the VLEED spectra. Basically, this
band map is a surface-projected dispersion E
(
k‖
)
.
Our VLEED data successfully reproduced the previous
data [18]; we have, however, measured much deeper into
the Brillouin zone. We observed a surface resonance state
induced by a (11) diffraction beam parallel to the surface,
as observed in Ref. [21] and represented by the rightmost,
narrow band in the band map.
Figure 3(a) shows typical HREEL spectra of graphite
for various wave vectors along the Γ-K direction. As de-
noted by the triangles, clear loss features appear in the
spectra. The intensities of the loss peaks are propor-
tional to electron transition probabilities, as described in
Eq. (3). From these spectra, we determined the phonon
dispersion relation experimentally. In Fig. 3(b), the
measured phonon dispersion curves (green dots) are com-
pared with theoretical ones derived from ab initio calcu-
lations (solid lines) [22]. The details of the calculations
are described elsewhere [11, 12]. The observed curves
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FIG. 2: (color online) (a) VLEED spectra of graphite for var-
ious incident angles measured along the Γ-K direction in the
two-dimensional surface Brillouin zone. The horizontal axis
represents electron energies measured from the Fermi level,
EF . The black and white triangles indicate local maxima
and minima. (b) An unoccupied band map of graphite deter-
mined by the VLEED spectra of (a). The wave vectors were
determined by K‖ =
(
2mEI
)1/2
sin θI/~ . The black and
white circles are the local maxima and minima of the spectra,
and the shaded areas between them represent the existence
of electronic states. (c) An example of an electron-transition-
probability spectrum (see the text).
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FIG. 3: (color online) (a)HREEL spectra of graphite for var-
ious wave vectors measured along the Γ-K direction in the
two-dimensional surface Brillouin zone, depicted in the in-
set of (b). The incident energy EI and the angle θI of the
electron beam were 26.3 eV and 72◦, respectively. The red
triangles denote energy loss peaks. (b) Phonon energy disper-
sion curves of graphite. The experimental data (green circles)
are compared with an ab initio calculation (solid lines).
are in fairly good agreement with theory. These data
ensure the reliability of our experimental techniques and
justify the exclusion of additional scattering processes in
graphite beyond one-phonon scattering.
In the constructed VLEED map, the initial and final
states in the HREELS experiments can be plotted, repre-
senting incoming and outgoing electrons in vacuum. The
initial-state wave vector and the energy are denoted by
KI‖ and E
I+Φ, respectively, where Φ is the work function
of the sample and is equal to 4.75 eV for graphite(0001).
An example of an initial state is shown by a red circle in
the band map in Fig. 2(b). The final states can be plot-
ted on the band map using Eqs. (1) and (2). Examples
of the final states used in this work are plotted with blue
circles. Acoustic phonons with out-of-plane polarization
were employed to transfer electrons from the initial to
final states and denoted by ZA in Fig. 3(b) [12]; the in-
tensity of electron scattering due to ZA phonons was the
highest among all phonons under the given conditions of
the incident electrons.
At each final state, the relative values of the electron
transition probability can be determined from the mea-
sured intensities of the outgoing electrons using Eq. (3).
Fig. 2(c) shows an electron-transition-probability spec-
trum, and the peak of the spectrum indicated by the
black arrow means that the initial incoming electrons op-
timally couple with the final outgoing electrons of this
wave vector through one-phonon scattering processes. In
addition, because the absolute values of outgoing electron
intensities have to be measured [23], we did not change
any of the potential parameters of the spectrometer while
measuring the single electron-transition-probability spec-
trum. The measurable spectral region in the final-state
wave vectors was restricted by the rotation angle of the
analyzer, 2θI + θS ≤ 90◦. The measured spectra were
highly reproducible.
Fig. 4(a)-(c) shows the electron-transition-probability
spectra taken from the three sets of initial states (a)-(c)
shown by red circles in the magified VLEED band map of
Fig. 4(d), in which the energy of each point in one set is
the same. These initial states of incoming electrons excite
the electronic states of graphite at the same points on the
band map when they enter the solids. In the electronic
band structures of graphite, white areas of the band map
are gaps; wave functions here must be evanescent. On the
other hand, the shaded area indicates a bulk Bloch state.
Therefore, the electronic states of the white and shaded
areas must have wave functions with different symmetries
in the direction perpendicular to the sample surface.
For each initial state, we measured the electron-
transition-probability spectrum shown in Fig. 4(a)-(c).
The spectra represented by black dots were taken of
initial-state electrons that enter the bulk Bloch states lo-
cated in the shaded area of the band map. On the other
hand, the spectra represented by white-circles were taken
of initial-state electrons that enter the evanescent states
located in the white area of the band map. We observed
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FIG. 4: (color online) (a)-(c) Electron-transition-probability
spectra were taken for the initial states (a)-(c) in (d) (see the
text). (d) A magnified VLEED band map with a group of
initial states used in this work. The energy of each point in
one set is the same. Each initial-state wave vector is shown at
the right-hand side of each spectrum. The peaks are indicated
by black and white triangles. (e) A scenario of the observed
phenomena. The green arrows indicate one-phonon-excitation
processes.
4a clear difference in the peak positions between the two
spectra. Fig. 4(a) shows only a single peak in each spec-
trum, located at almost the same position, KS‖ ≈1.3-
1.4A˚−1 and indicated by black triangles. In Fig. 4(b),
one peak is found among the bottom spectra at almost
the same positions, KS‖ ≈1.3-1.4A˚
−1. However, in the
spectra represented by white circles, another new peak,
indicated by white triangles, appears at a different posi-
tion, KS‖ ≈ 1.6A˚
−1. Fig. 4(c) shows the appearance of
the new peak more clearly. The two peaks appear at dis-
tinctly different positions: KS‖ ≈1.1-1.3A˚
−1 (indicated
by black triangles) for the spectra represented by black
dots and for some of the spectra represented by white
circles [24] and KS‖ ≈1.6-1.7A˚
−1 (indicated by white tri-
angles) for the spectra represented by white circles. Note
that the leftmost peak is present in most of the spectra in
Fig. 4(c), and it shifts further to the left in the spectra
represented by white circles highlighting the difference
between Fig. 4(a) and 4(b).
The appearance of the new peak seen in Fig. 4(b) and
(c) indicates a change in the specific final states that are
optimally coupled to the initial states. This occurred be-
cause incident electrons enter different electronic states
in solids, and the coupling between the initial and final
states in the solid is changed, as illustrated in Fig. 4(e).
Therefore, this result indicates that the measured elec-
tron transition probabilities reflect the strength of the
coupling constants in elementary electron-phonon scat-
tering processes in solids. By the same token, the drastic
movement of the peak seen in Fig. 4(c) is also thought
to be caused by changes in the final states. In this case,
however, a clear change from one final state to the other
was not observed in the form of two well-resolved peaks
because of the limited resolution in the less well-measured
region of the final-state wave vectors [24].
Finally, we will comment on a possible application of
the superconductivity of graphite. Although graphite
is not an intrinsic superconductor, some graphite-
intercalated compounds (GICs) such as C6Ca and C2Li
exhibit superconductivity. The partial occupation of
interlayer states drives superconductivity in these sys-
tems, but the microscopic features of superconductiv-
ity namely, coupling with phonons are still being ex-
plored [25]. Although our method cannot address elec-
tronic states below the vacuum level Evac, interlayer
states can stay above Evac in some GICs, including
graphite [18, 25]. If an initial state is set anywhere in
the interlayer states, we expect to know which phonons
optimally couple with the interlayer state by comparing
the electron transition probabilities for phonons with dif-
ferent polarizations.
In summary, we have measured the modulation of
electron transition probabilities in one-phonon-excitation
processes in HREELS experiments using graphite as an
example. Combining HREELS data with VLEED data,
we have demonstrated that measured electron transition
probabilities reflect the strength of the coupling constants
in elementary electron-phonon scattering processes on a
solid surface. This information could be applied to fur-
ther explore the microscopic features of superconductiv-
ity in graphite intercalation compounds.
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